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Genetic and epigenetic alterations of colorectal cancer
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Colorectal cancer (CRC) arise from multi-step carcinogenesis due to genetic mutations and epigenetic modifications of human
genome. Genetic mutations and epigenetic modifications were originally established as 2 independent mechanisms contributing to colorectal carcinogenesis. However, recent evidences demonstrate that there are interactions between these 2 mechanisms. Genetic mutations enable disruption of epigenetic controls while epigenetic modifications can initiate genomic instability and carcinogenesis. This review summarized genetic mutations and epigenetic modifications in colorectal carcinogenesis
and molecular classification of CRC subtype based on genetic or epigenetic biomarkers for treatment response and prognosis.
Molecular subtypes of CRC will permit the implementation of precision medicine with better outcome of management for
CRC. (Intest Res 2018;16:327-337)
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INTRODUCTION
Colorectal cancer (CRC) is one of most prevalent malignancy in the world.1 The occurrence of CRC has increased
steadily in recent decades, particularly in Eastern Europe,
Latin America, and Asia.1 Most CRC occurs sporadically
due to genetic mutations and epigenetic modifications of
human genome.2 These genetic mutations and epigenetic
modifications drive the progression from normal mucosa
toward carcinoma by altering signaling pathways that regulate behaviors of cancer. Genetic and epigenetic alterations
were originally established as independent mechanisms
contributing to colorectal carcinogenesis. However, recent
evidences indicate a crosstalk between these 2 mechanisms
during colorectal carcinogenesis. Genetic mutations enable
modification of several epigenetic controls while epigenetic
modifications allow genomic instability and mutagenesis.3
Recently commercialized next-generation sequencing (NGS)
have revealed unexpected genetic mutations associated with

epigenetic alterations in various cancers. These mutations
have the capability to modify cytosine methylation, histone
modification, and nucleosome organization. In the meantime, epigenetic silencing of DNA mismatch repair (MMR)
genes frequently contribute to genomic instability and lead to
mutations of oncogene or tumor suppressor genes.4

GENOMIC INSTABILITY OF CRC
Genomic instability includes various genetic or genomic
changes ranging from point mutations to chromosomal
rearrangement.5 Cytogenetic studies have shown frequent
genomic instability in CRC samples. Genomic instability is a
definite characteristics of CRC carcinogenesis with 2 distinct
pathways: chromosomal instability (CIN) and microsatellite
instability (MSI). CIN has been found in approximately 85%
of CRC while and the remaining 15% of CRC might have
MSI.6
1. Adenoma-Carcinoma Sequence
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Vogelstein proposed a multistep carcinogenesis of CRC in
1990 and demonstrated sequential genetic mutations that
collaborated in the conversion from normal colonic epithe-
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lium to adenocarcinoma.7 This multi-step carcinogenesis
comprises genetic mutations in several characteristic genes,
such as loss-of-function in APC gene (5q) as an early event of
multistep carcinogenesis at the stage of development of adenoma, gain-of-function of KRAS oncogene (12p12) for the
progression to large adenoma, and loss-of-function of tumor
suppressor genes TP53 (17p) and DCC (18q) for the transition from large adenoma to adenocarcinoma.7 Metastatic
lesion can gain additional genetic alterations such as loss of
heterozygosity (LOH) on 10q or gains of DNA sequences at
5p and 6p.8
2. Chromosomal Instability
Characteristics of CIN are aneuploidy (abnormal chromosome number) and LOH in cells.9 Although underlying
mechanisms of CIN during colorectal carcinogenesis remain
unknown, CIN might be caused by chromosomal segregation and defective response to DNA damage that can disturb
tumor suppressor genes and activate oncogenes.5,9
Loss of 17q is commonly identified in CRCs. In situ chromosomal hybridization has identified human TP53 gene
positioned on the chromosome 17 long arm (17q21–q22).
TP53 is an important cell cycle checkpoint gene. It is known
that TP53 inactivation causes uninhibited access in the cell
cycle.9 TP53 mutation allows excessive cell proliferation,
driving tumor progression and progressing adenoma into
invasive carcinoma.7,9 TP53 mutation is more frequent in
non-hypermutated CRCs compared to that in hypermutated
CRC which has similar phenomenon in APC mutation.10
APC mutations result from flaws in chromosome segregation11 that activates WNT signaling as an initial critical step
during colorectal carcinogenesis. In Cancer Genome Atlas
(TCGA) study, WNT signaling is activated in most CRCs.10
Genetic disruption of APC gene that activates WNT signaling has been identified in approximately 80% of CRCs. APC
induces proteasomal degradation of CTNNB1. However, mutant APC fails to degrade CTNNB1 which will accumulate in
the cytoplasm, transfer into the nucleus, modulate transcriptional activity, and activate MYC and many other oncogenes.
In addition to chromosome segregation, APC regulates cell
adhesion, differentiation, migration, and apoptosis. Only 5%
to 10% CRCs show genetic/epigenetic alterations on genes
such as CTNNB1 involved in other WNT pathways.10
Loss and/or LOH of 18q is 1 common genetic alteration
in CRCs. It might be because 18q includes SMAD2 , SMAD4 ,
and SMAD7 that are transcriptional mediators of transforming growth factor β (TGF-β) signaling. 12 TGF-β signaling
regulates cell growth, differentiation, and apoptosis, and pro-
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motes MYC activation.10 Besides these CINs, the gain of chromosomes 7, 8q, 13q, and 20q and the loss of chromosomes
1p, 4, 8p, and 22q have been reported.3,13,14 CIN is associated
with unfavorable outcome of CRC. It can be considered as a
prognostic marker.15
3. Microsatellite Instability
Lynch syndrome is caused by genetic mutations in DNA
MMR genes including MLH1 , MSH2 , MSH6 , and PMS2 .
The loss of MMR protein results in genomic instability with
numerous genetic alterations frequently found in nonencoding microsatellite regions.16 National Cancer Institute
(NCI) recommends MSI status evaluation with a panel of 5
Bethesda markers (3 dinucleotide repeat markers: D2S123,
D5S346, D17S250, and 2 mononucleotide repeat markers:
BAT 26 and BAT 25) in CRCs.17 MSI status of CRCs can be
classified into MSI-high (MSI-H, the presence of instability
at least 2 Bethesda markers), MSI-low (MSI-L, the presence
of instability in 1 Bethesda marker), or microsatellite stable
(MSS; no marker presence). MSI-L and MSS CRCs can be
categorized as 1 subtype because they have no significant
difference in prognosis.18 Short repetitive sequences within
coding regions of tumor suppressor genes can result in lossof-fuction.19 Although there is mutual exclusivity between
CIN and MSI, most CRCs are thought to arise from a similar
adenoma-carcinoma sequence. In human MSI-H CRC and
cancer cell lines with MSI-H, APC , KRAS , and TP53 have
been found to be mutated.20,21
MSI-H tumors have been found in about 15% of sporadic
CRCs. They are associated with hypermutated subtype of
CRCs (defined as cancers with mutation rates of >12/106
bases).10 Although MMR-defective status in 20% of MSI-H
CRCs might be due to frameshift mutations or other multiple
mutations of MMR gene, 80% of MSI-H CRCs achieve MMRdefective status by biallelic hypermethylation of MLH1 gene.
Inactivation of MMR genes can induce MSI-H status with
extensive methylation of the promoter region of CpG islands
without inducing losses or gains in the chromosomal region (low copy number alteration). These MSI-H CRC have
frequent BRAF V600E mutation but infrequent APC and TP53
mutations.
Recent exome sequencing of CRCs and endometrial cancers has revealed significant numbers of non-silent somatic
mutations in RNF43 with high prevalence of MSI-H.22 RNF43
is known as an E3 ubiquitin-protein ligase that inhibits WNT
signaling.23 A subsequent study has found that RNF43 mutation is accompanied by BRAF mutations in serrated path-
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way.24
MSI-H CRC tends to occur in females, the elderly, and
the proximal colon. MSI-H CRC shows favorable response
to 5-fluorouracil (FU). 25,26 MSI and/or MMR-deficiency
can increase somatic mutations in tumor cells, leading to
increased neoantigens expression. These changes are associated with abundant tumor-infiltrating lymphocytes and
increased susceptibility to checkpoint inhibitors.27 Recently,
U.S. Food and Drug Administration has approved pembrolizumab, a monoclonal anti-programmed cell death protein,
for MSI-H and MMR-deficient cancers. The response rate to
pembrolizumab in 149 patients with MMR-deficient or MSIH cancers was 39.6% (complete response, 7.4% and partial
response, 32.2%).28

5. TP53 Mutations
Tumor protein p53 (also known as p53) encoded by TP53
gene is crucial in multicellular organisms as a main cell cycle
checkpoint regulator. It prevents cancer formation and progression.9 Hence, TP53 is classified as a tumor suppressor
gene. TP53 inactivation allows excessive cell proliferation
that drives tumor progression. Traditional concept for multistep carcinogenesis is that TP53 is mainly associated with
the evolution from adenoma to invasive cancer. This concept
is advocated by frequent LOH or loss of 17q. TP53 mutation
is more prevalent in non-hypermutated CRCs than that in
hypermutated CRC.10 In addition to loss-of-function, gain-offunction of TP53 -mutants also promotes tumor progression
and invasion by tumor metabolic reprogramming.37

4. KRAS Gene

EPIGENOMIC INSTABILITY OF CRC
RAS proto-oncogenes (HRAS , KRAS , and NRAS ) regulate
key cellular signaling pathways including phosphoinositide-3 kinase (PI3K) and mitogen-activated protein kinases
(MAPK) pathways.29 Mutations in any RAS gene found in
20% to 25% of all human tumors, of which KRAS mutation
accounts for about 85%. In CRC, KRAS mutation occurs in
30% to 50% of CRCs while NRAS mutations only occur in
2.5% to 4.5% of CRCs.30 Primary KRAS mutations will result
in hyperplastic changes. However, when KRAS mutations
are followed by APC mutation, adenoma progresses to cancer.31 KRAS and NRAS mutations are accepted as predictors
of epidermal growth factor receptor (EGFR) inhibitors for
treatment of CRC. Monoclonal antibodies to EGFR can induce receptor internalization followed by inhibition of tyrosine kinase and the downstream MAPK signaling. However,
KRAS mutations can active guanosine triphosphate-bound
protein which subsequently leads to “switch on” of downstream signals permanently. Therefore, CRC with mutant
KRAS are resistant to anti-EGFR antibody such as cetuximab
and panitumumab.32
Point mutations of KRAS in CRCs are commonly located
in codons 12 (82%–87%) and 13 (13%–18%) but infrequently found in codon 61, 63, or 146.33 KRAS mutations might
be associated with the phenotype of CRC.34 The association
between KRAS mutations status and prognosis in patients
with CRC has been controversial.30 Mutation in KRAS codon
12 or BRAF is enriched in proximal CRCs whereas wild-type
KRAS /BRAF is increased in distal CRCs.35 KRAS codon 12
mutation including KRAS G12C and KRAS G12V could be associated with poor survival rate in advanced and recurrent
CRCs.36
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Epigenomic instability defined as aberrant response in
gene expression regulation to environmental variabilities.38
CpG islands methylation in the promoter region of specific
gene might alter chromatin conformational structure and
DNA accessibility of the transcription apparatus, thereby
regulating gene expression.39 Hypermethylation of CpG
islands usually prevents expression of a certain gene, including tumor suppressor gene.3
1. CpG Island Methylator Phenotype
Epigenomic instability characterized by multiple CpG
islands hypermethylation is referred to as CpG island methylator phenotype (CIMP). CIMP-positive tumors show
hypermethylation in promoter regions of tumor suppressor
genes that can lead to loss-of-function of genes. CIMP-positive CRCs develop via a serrated pathway.40 However, the
prognostic role of CIMP in CRC patients remains contradictory between studies. Such discrepancy might be due to differences in definitions of CIMP.41 Specific CIMP definitions
have not been established yet.42 Most studies have reported
more unfavorable outcome in patients with CIMP-positive/
CIMP-high CRC than those with CIMP-negative/CIMP-low
CRC.41 Despite of no association between CIMP status and
CRC survival in recent population-based study,42 combinations of CIMP with MSI status or BRAF mutation are associated with CRC survival.41 Most CIMP-positive CRCs reveal
MSI-H tumors. Meanwhile, CIMP-positive CRCs with MSS
have higher frequency of BRAF V600E mutation. They tend to
develop in the proximal colon in later age of females and
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show poor tumor differentiation.
2. BRAF Mutation
Approximately 8% of CRCs have a point mutation in BRAF
such as BRAF V600E and BRAF D594G that is mutually exclusive
with KRAS mutations. Patients with BRAF V600E mutation are
prevalent with proximal CRC and unfavorable outcome.
BRAF mutations such as KRAS and PIK3CA are involved
in MAPK and PIK3 pathways in colorectal carcinogenesis.43
BRAF mutations also show resistance to anti-EGFR antibody
treatment.44

CLASSIFICATION BY MOLECULAR SUBTYPE
Based on several distinct molecular entities that have been
defined, biologically distinct subgroups with their own clinical course have been proposed.45 Due to recent rapid evolution of high-throughput sequencing technologies such as
genome-wide association study, whole exome sequencing,
whole genome sequencing, and RNA sequencing, we can
generate large-scale sequencing data for genetic and epigenetic alterations of CRCs. High-throughput sequencing data
sets can be integrated to enhance information extraction using sophisticated bioinformatics software.
1. Classification Based on Clinical, Morphological, and
Molecular Features
Primarily based on status of CIN and DNA methylation,
the following 5 molecular subtypes of CRC have been sug-

gested: 46 (1) group 1, MSI-H, CIMP-high, methylation of
MLH1 , chromosomally stable, and BRAF mutation (sporadic
MSI-H CRC, 12%); (2) group 2, MSS/MSI-L, CIMP-high, partial methylation of MLH1 , chromosomally stable, and BRAF
mutation (8%); (3) group 3, MSS/MSI-L, CIMP-low, CIN,
KRAS mutation, and MGMT methylation (20%); (4) group 4,
mainly MSS, CIMP-negative, and CIN (sporadic and Familial
adenomatous polyposis/MUTYH polyposis-associated CRC,
57%);47 and (5) group 5, MSI-H, CIMP-negative, chromosomally stable, and BRAF mutation-negative (Lynch syndrome
and familial MSI-H CRC, 3%) (Table 1).
These molecular subtypes are defined based on precancerous lesion and progression of CRC with discrete molecular features. Groups 1 and 2 CRCs may originate from
serrated polyps whereas groups 4 and 5 CRCs may arise
from adenomatous polyp through adenoma–carcinoma
sequence. Group 3 CRCs may develop from adenomatous
or serrated polyp. Groups 1 and 4 are considered as having
few overlaps of molecular features with each other whereas
groups 2, 3 and 5 share molecular features with groups 1 and
4 in different ways.
2. The Cancer Genome Atlas Classification
In 2012, TCGA performed genome-wide analysis for 276
CRCs, including exome sequence, DNA copy number variation (CNV), CpG island methylation, mRNA expression, and
microRNA expression (Table 2).10 Exome sequencing has
been performed for 224 tumor/normal pairs and 97 subset
samples have undergone low-depth-of-coverage wholegenome sequencing. CRCs with >12 mutations/106 bases are

Table 1. CRC Molecular Subtype Classification by Jass46
Group 1

Group 2

Group 3

Group 4

Group 5

MSI-H

MSS, MSI-L

MSS, MSI-L

Mainly MSS

MSI-H

Molecular features
MSI status
CIMP

High

High

Low

Negative

Negative

CIN

Stable

Stable

Unstable

Unstable

Stable

KRAS mutation
BRAF mutation

+
+

+

-

Location

Rt>Lt

Rt>Lt

Lt>Rt

Lt>Rt

Rt>Lt

Sex

F>M

F>M

M>F

M>F

M>F

Serrated polyp

Serrated polyp

Serrated polyp/adenoma

Adenoma

Adenoma

Clinical features

Precursor

CRC, colorectal cancer; MSI, microsatellite instability; MSI-H, MSI-high; MSS, microsatellite stable; MSI-L, MSI-low; CIMP, CpG island methylator
phenotype; CIN, chromosomal instability; Rt, right; Lt, left; F, female; M, male.
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defined as hypermutated CRCs (16%) whereas CRCs with
<8.24 mutations/106 bases are referred to as non-hypermutated CRCs (84%).
In hypermutated CRCs, three-fourths of them have the
expected MSI-H usually with MLH1 hypermethylation and
CIMP-positive whereas one-fourth of them have somatic
MMR mutations and POLE mutations with >40 mutations/106 bases (ultramutator phenotype). Hypermutated
CRCs show frequent mutation in ACVR2A , APC , TGFBR2 ,
BRAF , MSH3 , and MSH6 genes. All non-hypermutated
CRCs are characterized by MSS and frequent somatic copy
number alterations (SCNAs), suggesting that these tumors
are associated with chromosomal and sub-chromosomal
alterations. Genomic alteration and somatic mutations in
non-hypermutated CRC are enriched in APC , TP53 , KRAS ,
PIK3CA , FBXW7 , SMAD4 , TCF7L2 , NRAS , FAM123B , CTNNB1 (β-catenin ), ACVR1B , and SOX9 genes. TP53 and APC
genes in hypermutated CRCs are mutated less frequently
compared to those in non-hypermutated CRCs (20% vs. 60%
and 51% vs. 81%, respectively).
WNT signaling is activated in most types of CRCs (94% in
non-hypermutated CRCs and 97% in hypermutated CRCs)
by either APC inactivation or CTNNB1 activation. TGF-β

pathway is inactivated in most hypermutated CRCs (87%)
compared to that in non-hypermutated CRCs (27%). WNT
signaling activation and TGF-β signaling inactivation will
result in MYC activation.
There are no significant biological differences in CNV,
expression profile, CpG methylation, or miRNA changes
between colon and rectum of non-hypermutated CRCs.
However, right-side colon cancers are more likely to be hypermethylated with high frequency of mutation compared
to left-side cancers. In addition, TCGA study has suggested
CRCs therapeutic approaches, focusing on WNT signaling48,49 and MAPK/PI3K signaling.10
3. Molecular Classification Based on Gene Expression
Profiles and Clinical Response to EGFR Inhibitor,
Cetuximab
Based on gene expression profiles and therapeutic response to cetuximab in 80 patients, the following 6 clinically relevant CRC subtypes have been identified: stemlike, inflammatory, cetuximab resistant transient-amplifying
(CR-TA), cetuximab sensitive transient-amplifying (CS-TA),
goblet-like, and enterocyte subtypes. These subtypes share

Table 2. CRC Molecular Subtype Classification by TCGA (TCGA classification)10
Hypermutated tumor
Frequent mutation
Proportion of all CRCs

>12 mutations per 106 bases (median
number of total mutations, 728)

Non-hypermutated tumor
<8.24 mutations per 106 bases (median number
of total mutations, 58)

16

84

Tumor site

Colon and rectum

Common in right-side colon

MSI status

Stable

High

CIMP status

Low

High

APC gene mutation

51

81

TP53 gene mutation

20

60

Frequent affected genes
(mutation frequency)

ACVR2A (63), TGFBR2 (51), BRAF (46),
MSH3 (40), and MSH6 (40)

KRAS (43), PIK3CA (18), FBXW7 (11), SMAD4 (10),
TCF7L2 (9), NRAS (9), FAM123B (7), CTNNB1
(β-catenin) (5), ACVR1B (4), SOX9 (4)

SCNAs

-

Frequent

WNT signaling activation

97

92

TGF-β signaling inactivation

87

27

PI3K signaling activation

53

50

RTK/RAS signaling activation

80

59

p53 signaling inactivation

47

64

Values are presented as percentage.
CRC, colorectal cancer; TCGA, The Cancer Genome Atlas; MSI, microsatellite instability; CIMP, CpG island methylator phenotype; SCNA, somatic copy
number alteration; TGF, transforming growth factor; PI3K, phosphoinositide-3 kinase; RTK, receptor tyrosine kinase.
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similarities with different cell types in colonic crypt, indicating that each subtype is associated with stemness and Wnt
signaling. These subtypes can be classified by specific gene
profile (Table 3).50 Goblet-like, CS-TA, and CR-TA subtypes
have favorable outcome after surgical resection, suggesting
tolerable chemotherapy. CR-TA subtype does not respond
to cetuximab. It can be identified by filamin A expression.
Metastatic CRC with CR-TA subtype may respond to c-MET
receptor tyrosine kinase inhibitors.50

colon with worse survival after relapse. CMS2 is characterized by canonical feature with mutation in APC and TP53 ,
CIN, SCNA-high, MSS/MSI-L, CIMP-negative, and marked
WNT and MYC pathway activation (37%). CMS2 CRC appear to occur in the left-side colon and rectum with superior
survival after a relapse. CMS3 is characterized by metabolic
features with mutation in KRAS and APC , MSS/MSI-L,
SCNA-intermediate, CIMP-low, and exhibiting an epithelial
signature and metabolic dysregulation (13%). CMS4 is characterized by mesenchymal feature with SCNA-high, MSS/
MSI-L, CIMP-negative, and activation of TGF-β signaling.
CMS4 CRCs seem to be diagnosed with advanced stages,
showing poorer overall survival (23%). Although CMS classification cannot suggest a therapeutic stratification, extensive
datasets can facilitate the understanding of complexity in
molecular features of CRC.

4. Consensus Molecular Subtypes of CRC Classification
Although several studies have used gene expression profile for CRCs classifications, results are inconsistent. They
fail to provide useful single classification.50-53 To overcome
this limitation, an international Colorectal Cancer Subtyping Consortium has shared and analyzed a large-scale data
for 4,151 patients with CRC. After applying unsupervised
clustering techniques in analytics, they are categorized into
4 consensus molecular subtypes (CMS) (Table 4).54 CMS1
is characterized by immune activation, MSI-H, mutation
in BRAF and TGFBR2 , SCNA-low, CIMP-positive, and activation in Janus kinase/signal transducers and activators
of transcription (JAK/STAT) and caspases pathway (14%).
CMS1 CRC tend to occur in the elderly, female, and proximal

5. CRC Subtypes Based on Combinations of Tumor
Markers
Development of CRCs involves distinct pathways combined with different genetic and epigenetic alterations.
Based on specific combinations of MSI, CIMP, and mutations in BRAF and KRAS , traditional, alternate, and serrated
pathways have been proposed in colorectal carcinogen-

Table 3. CRC Molecular Subtype Classification by Linking Gene Expression Profiles with Corresponding Clinical Response to Cetuximab50
Transient-amplifyingc
Subtypes

a

Stem-like

b

Inflammatory

Cetuximab
resistant

Cetuximab
sensitive

Goblet-liked

Enterocytee

Signature genes

SFRP2 , +ZEB1

RARRES3

CFTR , FLNA

CFTR , (FLNA )

MUC2 , TFF3

MUC2 , (TFF3 )

Biomarkers for
qRT-PCR

SFRP2 +

RARRES3 +

CFTR +, FLNA +

CFTR +, FLNA -

MUC2 +, TFF3 +

MUC2 +, TFF3-

Biomarkers for IHC

ZEB1+

-

CFTR

CFTR

MUC2+, TFF3+

MUC2 +, TFF3 -

Correlated crypt
location

Base

NS

Either

Either

Top

Top

Disease-free survival

Poor

Intermediate

Poor

Good

Good

Intermediate

Adjuvant
treatment

Chemotherapy
(FORFIRI)

Chemotherapy
(FORFIRI)

Watchful
surveillance

Watchful
surveillance

Watchful
surveillance

Chemotherapy
(FORFIRI)

Metastatic
treatment

Chemotherapy
(FORFIRI)

Other therapy

c-MET inhibitor

Cetuximab

Chemotherapy
(FORFIRI) or
other therapy

Other therapy

a

High expression of WNT signaling targets plus stem cell, myoepithelial, and mesenchymal genes with low expression of differentiation markers.
Comparatively high expression of chemokines and interferon-related genes.
c
Heterogeneous collection of samples with variable expression of stem cell and WNT-target genes.
d
High mRNA expression of goblet-specific MUC2 and TFF3 .
e
High expression of enterocyte-specific genes.
CRC, colorectal cancer; qRT-PCR, real-time quantitative RT-PCR; IHC, immunohistochemistry.
b
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Table 4. CRC Molecular Subtype Classification by Gene Expression Profiling (CMS Classification)54
CMS1 (MSI-immune)

CMS2 (canonical)

CMS3 (metabolic)

CMS4 (mesenchymal)

14

37

13

23

BRAF, TGFBR2

APC, TP53, CIN

KRAS, APC

-

a

% of all CRCs

Mutation profile

Low

High

Intermediate

High

MSI status

SCNA

MSI-high

MSS/MSI-low

MSS/MSI-low

MSS/MSI-low

CIMP

High/low

Negative

Low

Negative

JAK/STAT and caspases
pathway

WNT and MYC
activation; cell cycle
pathway

Metabolic dysregulation;
epithelial signature

TGF-β activation; stromal
infiltration, EMT activation,
matrix remodeling;
angiodysplasia

-

High expression of the
miR -17 -92 cluster

Low expression of let -7
miR family

Low expression of miR -200
family

Pathway analysis

MicroRNA
Clinical and pathological variables
Clinical characteristics
Site
Stage
Histologic grade
Prognosis

Female, old-onset

-

-

-

Right colon

Left colon and rectum

Left, right colon, and
rectum

Left colon and rectum

-

-

-

Advanced stage (III and IV)

Higher histologic grade

-

-

-

Worse survival after
relapse

Superior survival after
relapse

-

Worse relapse-free and
overall survival

a

Mixed type (15%).
CRC, colorectal cancer; CMS, consensus molecular subtype; CIN, chromosomal instability; SCNA, somatic copy number alteration; MSI, microsatellite
instability; MSS, microsatellite stable; CIMP, CpG island methylator phenotype; JAK, Janus kinase; STAT, signal transducers and activators of
transcription; TGF, transforming growth factor; EMT, epithelial-mesenchymal transition.

esis.46,55 CRCs arising from “traditional” adenoma-carcinoma
sequence are characterized by MSS/MSI-L and CIMPnegative without BRAF mutation. CRCs originated from a
“serrated” pathway are characterized by CIMP-positive and
frequent BRAF mutation. CRCs with additional “alternate”
pathway is characterized by MSS/MSI-low, CIMP-low, and
KRAS -mutation.55,56 Although MSI, CIMP, BRAF -, or KRAS mutations have been studied extensively, the significance of
combinations of these markers has been unclear.56 A total
of 563 incident CRCs obtained from a population-based
Women’s Health Study can be assigned to 5 subtypes with
distinct clinicopathological features (Table 5).57 CRCs with
type 1 or 5 (MSI-H) showed favorable survival whereas those
with type 2 (MSS/MSI-L, CIMP-positive, BRAF -mutation,
KRAS wild-type) had unfavorable outcome. Type 2 CRCs are
clinicopathologically characterized by the proximal colon
location and females with late age onset. Type 5 CRCs are
referred to as MSS/MSI-L, CIMP-negative, wild-type BRAF
and KRAS CRCs. They have the lowest mortality rates. Type
5 CRCs show proximal colonic location and the youngest
onset. Type 4 CRCs, the most prevalent subtype (47%), are

www.irjournal.org

characterized by MSS, CIMP-negative, BRAF and KRAS
wild-type. Type 5 CRCs are clinicopathologically associated
with canonical WNT pathway with APC mutations. They
appear to have frequent occurrence in men and in the distal
colon and rectum.

LIMITATIONS OF MOLECULAR CLASSIFICATION
IN CLINICAL IMPLEMENTATION
Sometimes, it is difficult to define a combination of genetic markers representing a specific subtype of CRC. High
throughput techniques provide comprehensive molecular
characteristics and allow reclassification of CRC. However,
high-throughput data from NGS also show heterogeneous
molecular features even for the same CRC sample due to tumor heterogeneity. Tumor bulk consists of diverse cell types
with distinct molecular signatures. Intratumoural heterogeneity might be due to genetic variation, stochastic processes,
the microenvironment, and cell/tissue plasticity.58 Emerging
evidences indicate that tumor heterogeneity provides fuel
for resistance to current genetic/epigenetic alteration-guided
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Table 5. CRC Molecular Subtype Classification by MSI, CIMP, and Mutations in BRAF and KRAS 57
% of CRCs
MSI

Type 1

Type 2

Type 3

Type 4

Type 5

7

4

26

47

7

MSI-high

MSS/MSI-low

MSS/MSI-low

MSS/MSI-low

MSS/MSI-low

CIMP

Positive

Positive

Negative

Negative

Negative

BRAF

Mutation

Mutation

Wild-type

Wild-type

Wild-type

KRAS

Wild-type

Wild-type

Mutation

Wild-type

Wild-type

89.5

49.2

72.4

82.5

93.1

Oldest-onset, female

Old-onset, female

-

Male

Youngest-onset,
CRC family history

Site

Proximal colon

Proximal colon

-

Distal colon and
rectum

Proximal colon

Proposed molecular
pathway

MSI
BRAF mutation
CIMP-positive

BRAF mutation
CIMP-positive

KRAS mutation

Canonical pathway
with APC mutation

MSI

CRC specific 5-yr
survival (%)
Clinical characteristics

CRC, colorectal cancer; MSI, microsatellite instability; CIMP, CpG island methylator phenotype; MSS, microsatellite stable.

strategies for anti-cancer therapy.59
Although the number of patients eligible for genometarget therapy has increased over time, medications used for
genome-target therapy have only helped a small number of
patients with advanced cancer. A cross-sectional study using
publicly available data in United States suggested that fewer
than 16% of patients were eligible for genome-target therapy
while fewer than 7% of patients would benefit from genometargeted cancer drugs in 2018.60 Current classifications by
molecular subtype in CRC are able to improve CRC outcome only in a small portion of patients. This might be due
to potentially different classification marker sets or methods,
insufficient validation studies, and few evidences of the costeffectiveness from this still high-cost technique. In addition,
evolving technologies have generated vast amounts of molecular biological information which may dilute the meaning
of current molecular classifications.

CONCLUSIONS
Recent high-throughput analyses regarding comprehensive molecular characterizations of CRCs have enlarged our
understanding of their genomic and epigenomic landscapes
which have enabled CRCs to be reclassified into biologically
and clinically meaningful subtypes.21 In CRCs, genetic and
epigenetic events are not indifferent phenomenon. They
cooperate for CRC carcinogenesis, although methylation
events are more common than point mutations. Integration of genetic and epigenetic alteration in CRC might em-
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body the potential tool for proper diagnostic, prognostic,
and therapeutic approaches. Moreover, the identification
of key molecular features or pathways specific to a certain
CRC subtype may represent potential therapeutic targets,
enabling implementation of tailored therapies with better
patient management.61
However, heterogeneity can provide seeds for resistance
to genome-target therapy. Future cancer therapy should
focus on the eradication of heterogeneity. Molecular characteristic exploration of clonal dynamics from tissue samples
obtained from resistant site for conventional treatment have
most promising guide to the development of treatment strategies that address tumor heterogeneity.58 However, tissue
samplings at regular intervals and from multiple sites are
major limitations. Theoretically, noninvasive liquid biopsy
sampling enables frequent and comprehensive surveillance.
NGS produces high-throughput information and demonstrates excellent testing performance using low-input DNA.
Integration of NGS with liquid biopsy can maximize overall
advantages. NGS-based liquid biopsy might enable minimally invasive and comprehensive genomic profiling of CRC
that overwhelms spatial heterogeneity arising from tissue biopsy and limitations in genomic information obtained from
candidate gene characterization.62
There is no doubt that an approach based on high
throughput molecular information is beneficial for tailored
therapies and individualized management in response to
the complexity of CRC and the seemingly endless arc of evolution. Further research and validation are urgently needed
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to adopt these molecular classification systems into clinical
practice.

FINANCIAL SUPPORT
The authors received no financial support for the research,
authorship, and/or publication of this article.

CONFLICT OF INTEREST
No potential conflict of interest relevant to this article was
reported.

AUTHOR CONTRIBUTION
Conception and drafting of manuscript: SNH.

REFERENCES
1. Arnold M, Sierra MS, Laversanne M, Soerjomataram I, Jemal
A, Bray F. Global patterns and trends in colorectal cancer incidence and mortality. Gut 2017;66:683-691.
2. Lynch HT, de la Chapelle A. Hereditary colorectal cancer. N
Engl J Med 2003;348:919-932.
3. Coppedè F, Lopomo A, Spisni R, Migliore L. Genetic and epigenetic biomarkers for diagnosis, prognosis and treatment of
colorectal cancer. World J Gastroenterol 2014;20:943-956.
4. You JS, Jones PA. Cancer genetics and epigenetics: two sides of
the same coin? Cancer Cell 2012;22:9-20.
5. Rao CV, Yamada HY. Genomic instability and colon carcinogenesis: from the perspective of genes. Front Oncol 2013;3:130.
6. Dunican DS, McWilliam P, Tighe O, Parle-McDermott A, Croke
DT. Gene expression differences between the microsatellite
instability (MIN) and chromosomal instability (CIN) phenotypes in colorectal cancer revealed by high-density cDNA array
hybridization. Oncogene 2002;21:3253-3257.
7. Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. Cell 1990;61:759-767.
8. Muñoz-Bellvis L, Fontanillo C, González-González M, et al.
Unique genetic profile of sporadic colorectal cancer liver metastasis versus primary tumors as defined by high-density single-nucleotide polymorphism arrays. Mod Pathol 2012;25:590601.
9. Pino MS, Chung DC. The chromosomal instability pathway in
colon cancer. Gastroenterology 2010;138:2059-2072.
10. Cancer Genome Atlas Network. Comprehensive molecular
characterization of human colon and rectal cancer. Nature
2012;487:330-337.

www.irjournal.org

11. Fodde R, Kuipers J, Rosenberg C, et al. Mutations in the APC tumour suppressor gene cause chromosomal instability. Nat Cell
Biol 2001;3:433-438.
12. Watanabe T, Kobunai T, Yamamoto Y, et al. Prognostic significance of 18q loss of heterzygosity in microsatellite-stable
colorectal cancer. J Clin Oncol 2010;28:e119. doi: 10.1200/JCO.
2009.27.0256.
13. Ashktorab H, Schäffer AA, Daremipouran M, Smoot DT, Lee E,
Brim H. Distinct genetic alterations in colorectal cancer. PLoS
One 2010;5:e8879. doi: 10.1371/journal.pone.0008879.
14. Bruin SC, Klijn C, Liefers GJ, et al. Specific genomic aberrations
in primary colorectal cancer are associated with liver metastases. BMC Cancer 2010;10:662.
15. Walther A, Houlston R, Tomlinson I. Association between chromosomal instability and prognosis in colorectal cancer: a metaanalysis. Gut 2008;57:941-950.
16. Iino H, Simms L, Young J, et al. DNA microsatellite instability
and mismatch repair protein loss in adenomas presenting in
hereditary non-polyposis colorectal cancer. Gut 2000;47:37-42.
17. Boland CR, Thibodeau SN, Hamilton SR, et al. A National Cancer Institute Workshop on microsatellite instability for cancer
detection and familial predisposition: development of international criteria for the determination of microsatellite instability
in colorectal cancer. Cancer Res 1998;58:5248-5257.
18. Ogino S, Nosho K, Kirkner GJ, et al. CpG island methylator phenotype, microsatellite instability, BRAF mutation and clinical
outcome in colon cancer. Gut 2009;58:90-96.
19. Carethers JM, Jung BH. Genetics and genetic biomarkers in
sporadic colorectal cancer. Gastroenterology 2015;149:11771190.e3.
20. Punt CJ, Koopman M, Vermeulen L. From tumour heterogeneity to advances in precision treatment of colorectal cancer. Nat
Rev Clin Oncol 2017;14:235-246.
21. Inamura K. Colorectal cancers: an update on their molecular
pathology. Cancers (Basel) 2018;10:E26. doi: 10.3390/cancers
10010026.
22. Giannakis M, Hodis E, Jasmine Mu X, et al. RNF43 is frequently
mutated in colorectal and endometrial cancers. Nat Genet
2014;46:1264-1266.
23. Wei W, Li M, Wang J, Nie F, Li L. The E3 ubiquitin ligase ITCH
negatively regulates canonical Wnt signaling by targeting dishevelled protein. Mol Cell Biol 2012;32:3903-3912.
24. Yan HH, Lai JCW, Ho SL, et al. RNF43 germline and somatic
mutation in serrated neoplasia pathway and its association
with BRAF mutation. Gut 2017;66:1645-1656.

335

Sung Noh Hong • Genetic and epigenetic alterations of CRC

25. Collura A, Lagrange A, Svrcek M, et al. Patients with colorectal
tumors with microsatellite instability and large deletions in
HSP110 T17 have improved response to 5-fluorouracil–based
chemotherapy. Gastroenterology 2014;146:401-411.e1.
26. Dorard C, de Thonel A, Collura A, et al. Expression of a mutant
HSP110 sensitizes colorectal cancer cells to chemotherapy and
improves disease prognosis. Nat Med 2011;17:1283-1289.
27. Gelsomino F, Barbolini M, Spallanzani A, Pugliese G, Cascinu S.
The evolving role of microsatellite instability in colorectal cancer: a review. Cancer Treat Rev 2016;51:19-26.
28. First tissue-agnostic drug approval issued. Cancer Discov 2017;
7:656.
29. Irahara N, Baba Y, Nosho K, et al. NRAS mutations are rare in
colorectal cancer. Diagn Mol Pathol 2010;19:157-163.
30. Lee DW, Han SW, Cha Y, et al. Association between mutations
of critical pathway genes and survival outcomes according to
the tumor location in colorectal cancer. Cancer 2017;123:35133523.
31. Vogelstein B, Kinzler KW. Cancer genes and the pathways they
control. Nat Med 2004;10:789-799.
32. Lièvre A, Bachet JB, Le Corre D, et al. KRAS mutation status is
predictive of response to cetuximab therapy in colorectal cancer. Cancer Res 2006;66:3992-3995.
33. Bazan V, Migliavacca M, Zanna I, et al. Specific codon 13 K-ras
mutations are predictive of clinical outcome in colorectal cancer patients, whereas codon 12 K-ras mutations are associated
with mucinous histotype. Ann Oncol 2002;13:1438-1446.
34. Bazan V, Agnese V, Corsale S, et al. Specific TP53 and/or Kiras mutations as independent predictors of clinical outcome
in sporadic colorectal adenocarcinomas: results of a 5-year
Gruppo Oncologico dell’Italia Meridionale (GOIM) prospective
study. Ann Oncol 2005;16 Suppl 4:iv50-iv55.
35. Sinicrope FA, Mahoney MR, Yoon HH, et al. Analysis of molecular markers by anatomic tumor site in stage III colon carcinomas from Adjuvant Chemotherapy Trial NCCTG N0147

40. East JE, Atkin WS, Bateman AC, et al. British Society of Gastroenterology position statement on serrated polyps in the colon
and rectum. Gut 2017;66:1181-1196.
41. Jia M, Gao X, Zhang Y, Hoffmeister M, Brenner H. Different definitions of CpG island methylator phenotype and outcomes of
colorectal cancer: a systematic review. Clin Epigenetics 2016;8:
25. doi: 10.1186/s13148-016-0191-8.
42. Jia M, Jansen L, Walter V, et al. No association of CpG island
methylator phenotype and colorectal cancer survival: population-based study. Br J Cancer 2016;115:1359-1366.
43. Lito P, Pratilas CA, Joseph EW, et al. Relief of profound feedback
inhibition of mitogenic signaling by RAF inhibitors attenuates
their activity in BRAFV600E melanomas. Cancer Cell 2012;22:
668-682.
44. De Roock W, Claes B, Bernasconi D, et al. Effects of KRAS,
BRAF, NRAS, and PIK3CA mutations on the efficacy of cetuximab plus chemotherapy in chemotherapy-refractory metastatic colorectal cancer: a retrospective consortium analysis.
Lancet Oncol 2010;11:753-762.
45. Linnekamp JF, Hooff SRV, Prasetyanti PR, et al. Consensus
molecular subtypes of colorectal cancer are recapitulated in in
vitro and in vivo models. Cell Death Differ 2018;25:616-633.
46. Jass JR. Classification of colorectal cancer based on correlation
of clinical, morphological and molecular features. Histopathology 2007;50:113-130.
47. Al-Tassan N, Chmiel NH, Maynard J, et al. Inherited variants of
MYH associated with somatic G:C-->T: a mutations in colorectal tumors. Nat Genet 2002;30:227-232.
48. Hao HX, Xie Y, Zhang Y, et al. ZNRF3 promotes Wnt receptor
turnover in an R-spondin-sensitive manner. Nature 2012;485:
195-200.
49. Li Y, Oliver PG, Lu W, et al. SRI36160 is a specific inhibitor of
Wnt/beta-catenin signaling in human pancreatic and colorectal cancer cells. Cancer Lett 2017;389:41-48.
50. Sadanandam A, Lyssiotis CA, Homicsko K, et al. A colorectal

(Alliance). Clin Cancer Res 2015;21:5294-5304.
Jones RP, Sutton PA, Evans JP, et al. Specific mutations in KRAS
codon 12 are associated with worse overall survival in patients
with advanced and recurrent colorectal cancer. Br J Cancer
2017;116:923-929.
Liu J, Zhang C, Hu W, Feng Z. Tumor suppressor p53 and its
mutants in cancer metabolism. Cancer Lett 2015;356(2 Pt A):
197-203.
Smith CL, Bolton A, Nguyen G. Genomic and epigenomic instability, fragile sites, schizophrenia and autism. Curr Genomics
2010;11:447-469.
Kim ER, Kim YH. Clinical application of genetics in management of colorectal cancer. Intest Res 2014;12:184-193.

cancer classification system that associates cellular phenotype
and responses to therapy. Nat Med 2013;19:619-625.
51. Budinska E, Popovici V, Tejpar S, et al. Gene expression patterns
unveil a new level of molecular heterogeneity in colorectal cancer. J Pathol 2013;231:63-76.
52. Marisa L, de Reyniès A, Duval A, et al. Gene expression classification of colon cancer into molecular subtypes: characterization, validation, and prognostic value. PLoS Med 2013;10:
e1001453. doi: 10.1371/journal.pmed.1001453.
53. Schlicker A, Beran G, Chresta CM, et al. Subtypes of primary
colorectal tumors correlate with response to targeted treatment
in colorectal cell lines. BMC Med Genomics 2012;5:66.

36.

37.

38.

39.

336

www.irjournal.org

https://doi.org/10.5217/ir.2018.16.3.327 • Intest Res 2018;16(3):327-337

54. Guinney J, Dienstmann R, Wang X, et al. The consensus molecular subtypes of colorectal cancer. Nat Med 2015;21:1350-1356.
55. Leggett B, Whitehall V. Role of the serrated pathway in colorectal cancer pathogenesis. Gastroenterology 2010;138:2088-2100.
56. Samadder NJ, Vierkant RA, Tillmans LS, et al. Associations between colorectal cancer molecular markers and pathways with
clinicopathologic features in older women. Gastroenterology
2013;145:348-356.e1.
57. Phipps AI, Limburg PJ, Baron JA, et al. Association between
molecular subtypes of colorectal cancer and patient survival.
Gastroenterology 2015;148:77-87.e2.
58. Dagogo-Jack I, Shaw AT. Tumour heterogeneity and resistance
to cancer therapies. Nat Rev Clin Oncol 2018;15:81-94.

www.irjournal.org

59. Saunders NA, Simpson F, Thompson EW, et al. Role of intratumoural heterogeneity in cancer drug resistance: molecular and
clinical perspectives. EMBO Mol Med 2012;4:675-684.
60. Marquart J, Chen EY, Prasad V. Estimation of the percentage of
US patients with cancer who benefit from genome-driven oncology [published online ahead of print April 17, 2018]. JAMA
Oncol. doi: 10.1001/jamaoncol.2018.1660.
61. Alwers E, Jia M, Kloor M, Bläker H, Brenner H, Hoffmeister M.
Associations between molecular classifications of colorectal
cancer and patient survival: a systematic review [published online ahead of print January 3, 2018]. Clin Gastroenterol Hepatol.
doi: 10.1016/j.cgh.2017.12.038.
62. Domínguez-Vigil IG, Moreno-Martínez AK, Wang JY, Roehrl
MH, Barrera-Saldaña HA. The dawn of the liquid biopsy in the
fight against cancer. Oncotarget 2017;9:2912-2922.

337

